Abstract The degradation of polychlorinated biphenyls (PCBs) was investigated under fermentativemethanogenic conditions for up to 60 days in the presence of anaerobic biomass from a full-scale UASB reactor. The low methane yields in the PCBs-spiked batch reactors suggested that the biomass had an inhibitory effect on the methanogenic community. Reactors containing PCBs and co-substrates (ethanol/ sodium formate) exhibited substantial PCB reductions from 0.7 to 0.2 mg mL -1 . For the Bacteria domain, the PCBs-spiked reactors were grouped with the PCB-free reactors with a similarity of 55 %, which suggested the selection of a specific population in the presence of PCBs. Three genera of bacteria were found exclusively in the PCB-spiked reactors and were identified using pyrosequencing analysis, Sedimentibacter, Tissierela and Fusibacter. Interestingly, the Sedimentibacter, which was previously correlated with the reductive dechlorination of PCBs, had the highest relative abundance in the R CS-PCB (7.4 %) and R CS-PCB-PF (12.4 %) reactors. Thus, the anaerobic sludge from the UASB reactor contains bacteria from the Firmicutes phylum that are capable of degrading PCBs.
Introduction
Polychlorinated biphenyls (PCBs) are recalcitrant organic chlorinated compounds that are frequently Electronic supplementary material The online version of this article (doi:10.1007/s10532-014-9700-7) contains supplementary material, which is available to authorized users. used as dielectric fluids in capacitors and transformers. The industrial production of PCBs for worldwide commercialization began in 1929 in the U.S.A. Following decades of use, the chronic toxicity of PCB congeners was discovered, and their production was banned (Erickson and Kaley 2011) . It has been estimated that more than 1.2 million tons of PCBs were produced and commercialized throughout the world. Consequently, a number of areas and equipment need to be decontaminated (Furukawa and Fujihara 2008) . Several methods can be used to remediate materials containing PCBs. However, compounds with even higher toxicities may be generated during remediation. Biological remediation may occur through aerobic oxidative processes and/or anaerobic reductive processes (Abramowicz 1995) .
The reductive dechlorination of biphenyls results in less chlorinated congeners with lower toxicities (Borja et al. 2005) . Although anaerobic process occur naturally in several aquatic sediments, their reduced yields relative to laboratory conditions indicate that novel processes that apply local anaerobic consortia to reduce costs and improve dechlorination should be studied (Zanaroli et al. 2012) . Thus, 454 pyrosequencing is an interesting approach for studying complex communities (Xu et al. 2012; Zhang et al. 2012) . However, only a few studies have determined the microbial diversity of anaerobic consortia after PCB exposure using high-throughput sequencing (Leigh et al. 2007) .
In this study, the anaerobic degradation of six PCB congeners from a standard solution was evaluated in batch reactors that underwent fermentative-methanogenic conditions for up to 60-days in the presence of a rich anaerobic biomass, which was obtained from an UASB reactor used to treat poultry slaughterhouse and polyurethane foam to immobilize biomass. The diversity of the biomass after PCB exposure and the identification of the communities involved in PCB dechlorination were analyzed using PCR-DGGE and 454 pyrosequencing.
Materials and methods

Inoculum and batch reactors
The inoculum was obtained from the UASB reactor used in the treatment of the effluent from a poultry slaughterhouse (Avícola Dacar, Brazil) . A mineral medium (Angelidaki et al. 1990 ) that was supplemented with vitamins, sodium bicarbonate (500 mg L -1 ) and sodium sulfide (0.5 %) was used as the basal medium. Co-substrates (CS), ethanol (460 mg L -1 ) and sodium formate (680 mg L -1 ) were used as carbon sources and/or electron donor.
All chemicals were of analytical grade and only high purity solvents (HPLC grade) were used. Prior to analysis, all the glassware was rinsed with acetone. The polyurethane foams (PF -5 9 5 9 5 mm) that were added to the reactors (12 mg L -1 ) were washed with water (39), acetone, and n-hexane before air drying at room temperature to remove organic contaminants from the foam surface (Lawrence and Tosine 1976) .
Experimental design
The granular sludge was macerated, homogenized and inoculated (10 % w/v) under strict anaerobic conditions in 100 mL-borosilicate flasks under a continuous flow of filter-sterilized N 2 (100 %) before sealing the flasks with Teflon-lined screw caps. The final volume of solution in the reactors was 25 mL with a headspace of 75 mL. The conditions that were analyzed in this study are summarized in Table 1 . Reactors R CS-PCB , R CS-PCB-PF and R CS-PCB-HT received a standard Congener Mix 1 (10 mg L -1 Supelco, USA) solution containing six PCB congeners, 10, 28, 52, 138, 153 and 180, to achieve 0.7 mg L -1 . The reactors were agitated (150 rpm) during incubation at 30°C for up to 60 days. Reactor R CS-PCB-HT was prepared using heat-treated biomass (121°C -1 h, three times). Each trial was performed in duplicate at the beginning (T 0 ) and after 30 (T 30 ) and 60 days (T 60 ).
Extraction of PCB congeners from the samples
The entire volumes of the reactors were submitted to liquid-liquid extraction using 20 mL of n-hexane (Mallinckrodt, USA) as an organic solvent, 0.1 mg L -1 of octachloronaphthalene (Sigma, USA) as internal standard and 3.0 g of sodium chloride (salting-out effect). The flasks were agitated for 1 min using a vortex before a second addition of sodium chloride (3.0 g) and vortex agitation (1 min). Next, the samples were submitted to ultra-sonication (Branson, USA) for one minute to promote contact between the matrix and hexane (USEPA 3550). The flasks were kept at -20°C for at least 2 h to improve the phase separation before transferring to another bottle. The organic solvent was evaporated to dryness and the resulting residue was resuspended with 0.3 mL of n-hexane prior to GC analysis. For the reactors containing the polyurethane foam (R CS-PCB-PF and R CS-PF ), the extraction was performed in two separate stages (liquid fraction and foam) with a vacuumfiltration step to ensure the complete removal of the PCBs that were adsorbed on the foams.
Chromatographic analysis of the PCBs
The PCBs were quantified using gas chromatography (Hewlett-Packard, 5890 series II) with a capillary column Elite -5 Perkin Elmer (30 m 9 0.32 mm 9 0.25 lm) and electron capture detector (ECD). Hydrogen was used as the carrier gas. The injector and detector temperature were 280 and 300°C, respectively. The oven temperature program began at 160°C and was increased to 200°C at a rate of 20°C min -1 . Next, the temperature was increased to 270°C (holding for 1 min) at a rate of 30°C min and 290°C (10 min) at a rate of 30°C min. The total run time was 16 min. A calibration curve was prepared using six PCB concentrations that were obtained from standard solutions (0.05 to 0.5 mg L -1 ) that were diluted with the same matrix of reactors R CS-PCB-HT in triplicate. The liquid-liquid extraction was performed as previously described, and octachloronaphthalene (0.1 mg L -1 ) was used as an internal standard (Ribani et al. 2004 ).
In addition, samples were analyzed using gas chromatography-mass spectrometry (GC-MS) to identify the PCB congeners. A CP-3800 GC was used with a CP-8200 auto-sampler and a Saturn 2000 ion trap MS/MS mass spectrometer (Varian, USA). Helium was used as the carrier gas (1.2 mL min -1 ) in the constant flow mode, and a DB Ò -5MS (30 m 9 0.25 mm 9 0.25 lm, Agilent, USA) capillary column was used. The temperature program and injection conditions were the same as those used in the GC-ECD analysis. An ion trap mass spectrometer was operated in scanning mode from 80 to 500 m/z to acquire the mass spectra of the analytes. The identification of the PCB congeners was based on their retention times and the mass spectra of the compounds using the NIST-MS library search (Nist, South Carolina, USA).
Monitoring the methane, volatile acid concentrations and the physical-chemical analysis Methane production was monitored using a gas chromatograph (GC-2010 Shimadzu, Japan) that was equipped with a thermal conductivity detector and a Carboxen 1010 PLOT column (30 m 9 0.53 mm). Argon was used as the carrier gas with a flow rate of 12 mL min -1 . The temperatures of the injector, column and detector were maintained at 220, 230 and 130°C, respectively (Penteado et al. 2013 ). The modified Gompertz equation was used to fit the kinetics of methane production (Chu et al. 2011) using OriginPro 8.0 and to estimate the maximum methane production rate [dy/dt = a.k.exp
-1 ] to evaluate the effects of supplementing the basal medium with the co-substrates and PCBs. The presented values are means of three independent experiments. The volatile acids were analyzed using highperformance liquid chromatography (HPLC, Shimadzu Ò -Japan) with a pump (LC-10ADVP), an autosampler (SIL-20A HT), a column oven (CT-20A), a photodiode array detector (PDA UV-Vis SDP-M10 AVP), a refractive index detector (RID-10A), system controller (SCL-10AVP), and an Aminex HPX-87H column (300 9 7.8 mm, BioRad -USA). This analysis was conducted using the Class-VP (Shimadzu Ò ) software. Sulfuric acid (0.01 N) was used as the mobile phase at 0.5 mL min -1 , according to Penteado et al. (2013) . The data are the means (± standard deviation) from two independent analyses. The Student's t test with a significance level of P \ 0.05 was used to compare the means using the Origin 8.0 software package (OriginLab Corporation, Northampton, USA). The total volatile solids (TVS) and chemical oxygen demands (COD) were determined using Standard Methods (APHA, 2005) .
PCR-DGGE analysis
The polymerase chain reaction with denaturing gradient gel electrophoresis (PCR-DGGE) method was used to evaluate the community profiles from the reactors that were undergoing fermentative-methanogenic degradation after 60-days of incubation.
Genomic DNA was obtained using glass beads and phenol-chloroform according to Griffiths et al. (2000) with only minor modifications. The 16S rDNA genes from the Archaea and Bacteria domains were amplified using PCR with the primers and conditions that were specified by Nübel et al. (1996) and Kudo et al. (1997) , respectively. The final PCR reaction mixture (50 ll) contained 1 9 PCR buffer, 1.5 mM MgCl 2 , 0.2 mM dNTP mixture, 50 pmol of each primer, 2.5 U Taq polymerase, and 2 ll DNA template. The amplification conditions were 95°C for 5 min (initial denaturation), followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 56°C for 40 s, and extension at 72°C for 90 s. A final extension step was conducted at 72°C for 7 min. The presence of the PCR products was confirmed using electrophoresis on 1.2 % agarose gels that were stained with Blue Green Loading Dye I (LGC Biotecnologia) in 1x TAE buffer. The gels were visualized on a UV transilluminator and photographed with a molecular imaging system (Loccus Biotecnologia, Brazil).
PCR amplicons were separated using the DCode TM Universal Mutation Detection System (Bio-Rad, USA) as described by Muyzer et al. (1993) with 1 9 TAE (40 mM Tris, 20 mM Acetate, 1.0 mM Na 2 -EDTA). Electrophoresis was performed at 75 V for 16 h at 60°C. Next, the gels were stained using ethidium bromide and visualized on a UV transilluminator before photographing with a molecular imaging system (Locus Biotecnologia, Brazil). Analysis of the DGGE bands was performed using the Bionumerics software, version 2.5 (Applied Maths, Belgium). The similarities of the samples were calculated using the Pearson's correlation coefficient and the dendrogram was determined using the UP-GMA algorithm (unweighted pair group method with arithmetic averages). The diversity of the microbial community was evaluated using the Shannon-Weiner index (H).
Pyrosequencing analysis
Genomic DNA was obtained using glass beads and phenol-chloroform according to Griffiths et al. (2000) as previously specified. The DNA quantity and purity were assessed using a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). At least 2,200 ng ll -1 of the total DNA (Optical density 260/280 [ 1.8) from each sample was sequenced. After 60 days of incubation, the bacterial rRNA genes from the biomass recovered from reactors (R CS , R CS-PCB and R CS-PCB-PF ) were amplified for pyrosequencing. The primer sets flanking the V4 hypervariable region of the 16S rRNA gene 563F (5 0 -AYTGGGYDTAAAGNG-3 0 ) and 802R (5 0 -CAG-GAAACAGCTATGACC-3 0 ) were predicted to bind 95 % of the bacterial 16S rRNA genes (RDP's Pyrosequencing Pipeline: http://pyro.cme.msu.edu/ pyro/help.jsp; Zhang et al. 2012) . The Bacterial PCR amplicons were sequenced using a Roche GS FLX-454 pyrosequencing platform at the Instituto de Agrobiotecnología Rosario (Indear, Argentina).
The phylogenetic relationships of several isolates were evaluated using the Weighted Neighbor Joining algorithm in the RDP Tree Builder tool after the sequences were aligned. Bootstrap analysis was calculated from 100 bootstrap resamplings.
Data analysis
Sequences were mainly processed using the Ribosomal Database Project (RDP -Pyrosequencing Pipeline) and were trimmed to remove adaptors, barcodes and primers. Filters were used to remove the sequences with low quality scores (Phred below 25) and with lengths of less than 200 bases. PCR chimeras were filtered using DECIPHER at http:// decipher.cee.wisc.edu/index.html (Zhang et al. 2012) . The reads that were flagged as chimeras were extracted and the remaining sequences were submitted to RDP. The processed and trimmed sequences were aligned using the secondary-structure aware INFER-NAL aligner -RDP. Operational Taxonomic Units (OTUs) were picked with a similarity of 97 % using Hierarchical clustering. The singleton sequences that represented DNA sequencing errors were removed. In addition, the dereplicate request was used to select one representative sequence for each OTU. These representative sequences were classified using the RDPClassifier. A cutoff of 80 % for Genus and 50 % for other taxonomic levels (Phylum to Family) was applied to assign the sequences to different taxonomy levels (Liu et al. 2009; Zhang et al. 2012) . Alpha (Chao1, Rarefaction, Shannon and Simpson) and Beta (Bray-Curtis dissimilarity index) diversity were quantified using the Past software. Sequence data were submitted to the European Nucleotide Archive (ENA) under accession number PRJEB5060.
Results and discussion
Monitoring methane production
No methane production was observed in the reactors that received the heat-treatment (R CS-PCB-HT ) Fig. 1 Zanaroli et al. (2012) evaluated the reductive dechlorination of PCBs (Aroclor 1254) using a microbial anaerobic community from a Venice lagoon (Italy) that was naturally contaminated with PCBs and observed that the methanogens were not responsible for the dechlorination of the PCBs.
Reactors R CS and R CS-PF produced nearly 0.90 mmol CH 4 g TVS -1 and reached maximum methane production rates of 0.017 and 0.014 mmol CH 4 g TVS -1 h -1 , respectively (Fig. 1 ). The addition of polychlorinated biphenyls (PCBs) reduced the production of methane to 0.40 mmol CH 4 g TVS -1 in the R CS-PCB and R CS-PCB-PF reactors, with maximum production rates that varied from 0.004 to 0.006 mmol CH 4 g TVS -1 h -1 relative to the control that only contained co-substrates without PCBs. The results obtained in this study suggest that hydrogenotrophic methanogens, which use H 2 or formate as electron donors, were stimulated. The accumulation of acetic acid in the reactors that contained polychlorinated biphenyls (shown in ''Chromatographic analysis of PCBs, production of volatile acids and the chemical oxygen demand (COD)'' section) suggested that the acetoclastic methanogens were inhibited. Similarly, Yang and McCarty (1998) observed that chloroethane could be responsible for the inhibition of acetate-utilizing methanogenesis in dichloroethane-spiked batch cultures.
Chromatographic analysis of PCBs, production of volatile acids and chemical oxygen demand (COD)
The six PCB congeners were completely separated using GC-ECD and none of the compounds were coeluted or presented thermal-instability (Fig. 1S -Supplementary Material) . Generally, the order of elution of the PCB congeners in the GC was correlated with the number of chlorine atoms in the biphenyl molecule. Qualitative analyses of the chromatograms indicated the putative removal of the PCBs (10, 28, 52, 138, 153 and 180) after 60 days of incubation, according to the reduced peak areas (counts) (Fig. 1S  -Supplementary Material) . The GC-MS chromatogram obtained for samples of the PCB-spiked reactor (R CS-PCB time zero) presented six well defined peaks and retention times (Fig. 2S -Supplementary Material) . By analyzing the database of the NIST library software, six PCB congeners were identified, which were correlated with the retention times that were obtained using GC-ECD. In the Fig. 2S , the mass spectrum of peak 1 is presented with a retention time of 4.29 min and was identified as PCB 10 ( Fig. 2S Supplementary Material). PCB-free reactors (R WCS , R CS and R CS-PF ) were analyzed to rule out false positive results due to the natural occurrence of PCBs in the matrix. In these samples, the characteristic PCB peaks were not present (data not shown).
The PCB concentrations are presented in Table 2 . A reduction was observed in the PCB congeners after 60 days of incubation. For the R CS-PCB reactors, the initial congener concentrations (10, 28, 52, 138, 153 and 180) varied from 0.27 to 0.70 mg L -1 . However, after 60 days of incubation, the maximum recovered PCB concentration was 0.25 mg L -1 (Table 2) , which resulted in a PCB removal rate of approximately 0.007 mg PCB L -1 day -1 for the PCBs containing more chlorine atoms (Fig. 2) . The anaerobic process removes chlorine atoms from highly chlorinated PCBs. Next, congeners with fewer chlorine atoms may be mineralized under aerobic conditions (Borja et al. 2005) .
Degradation of PCBs in the reactors containing polyurethane foam (R CS-PCB-PF ) did not reach the values that were reached in the R CS-PCB reactors operated with suspended biomass (Table 2) , which suggested that the foam did not stimulate the microbial population responsible for degrading the PCBs. In the R CS-PCB-PF reactor, the initial concentrations of the six congeners varied from 0.65 to 0.88 mg L -1 and were reduced to 0.42 to 0.55 mg L -1 after 60 days of incubation. The removal rate varied between 0.003 and 0.007 mg PCB L -1 day -1 (Fig. 2) . In addition, the PCB congeners affected the COD removal because the PCBs-spiked reactors, which had initial CODs of 2,300 mg L -1 (R CS-PCB ) and 2,400 mg L -1 (R CS-PCB-PF ), at the end of the experiment had removal efficiencies of 11 and 0.5 %, respectively. The low removal efficiency was potentially due to the accumulation of volatile acids, especially acetic acid (775.3 and 846.6 mg L -1 , respectively).
After 60 days of incubation, the COD removal efficiency for the PCBs-free reactors (R WCS , R CS and R CS-PF ) varied from 53.0 to 88.0 %, with no accumulation of total volatile acids or acetic acid (12.9 ± 1.7 to 63.2 ± 2.6 mg L -1 ). Thus, in the reactors operated without PCBs, which had the best CH 4 yields, the acetic acid produced by the microbial consortia was probably consumed by acetoclastic methanogen Archaea because acetate is considered the main substrate of methanogenesis.
The PCB congener concentrations in the R CS-PCB-HT reactors ranged from 0.09 to 0.21 mg L -1 after 60 days of incubation (Table 2) , which were similar to the concentrations achieved in the R CS-PCB reactor (0.15-0.25 mg L -1 ). This finding suggested that a selection of the microbial community survived the heat-treatment and degraded the compounds of interest. Furthermore, the accumulation of acetic acid (432.3 mg L -1 ) in the R CS-PCB-HT reactors reinforced this hypothesis regarding the selection of a bacterial community with a strong ability for degrading the Concentrations not specified because the areas of the respective peaks were not considered using the parameters specified
Biodegradation (2014) 25:797-810 803 PCBs. Baba and Katayama (2007) evaluated the anaerobic degradation of PCBs and found that the addition of burnt soil and acetate as electron donors and/or carbon sources favored the microbial population that was responsible for degrading PCBs.
Characterization of the microbial consortia
PCR-DGGE
Overall, there was a high similarity between the bands that were obtained for the Archaea community in the DGGE dendrogram profile for all of the reactors after 60 days of incubation, in either the presence or absence of PCBs (Fig. 3a) . This finding confirmed that the dechlorination process did not alter the Archaea community under the evaluated conditions. Similar results were previously reported and highlighted the absence of a correlation between methanogenic Archaea and the reductive dechlorination of PCBs (Cutter et al. 2001; Zanaroli et al. 2012) . The
PCBs induced a slight selection of specific communities because the R CS-PCB and R CS-PCB-PF reactors presented distinct profile bands relative to the remaining samples without PCBs, which were visible in the dendrogram with a low differentiation between the methanogenic communities (showing ca. 76 % of similarity between the groups with and without PCBs). Unlike Archaea, a diverse profile of bands was found for the Bacteria domain, according to the conditions of the batch reactors. In addition, there was a clustering tendency of the reactors operated in a similar way (Fig. 3b) . PCBs-free reactors (R WCS , R CS and R CS-PF ) were grouped with a similarity of 74 %. For the R WCS and R CS reactors, the similarity was higher (reaching up to 82 %). Thus, it was hypothesized that the addition of the co-substrates did not induce a significant modification of the populations in these reactors. The difference that was obtained (74 and 82 %) can be explained by the presence of polyurethane foam in the R CS-PF reactors, which probably favored the multiplication of a particular community. The cluster (R WCS , R CS and R CS-PF ) had a similarity of 64 % with the initial inoculum, which indicated that the conditions selected distinct populations of bacteria. In contrast, the reactors that were spiked with PCBs (R CS-PCB and R CS-PCB-PF ) had similarity of 55 % with the initial inoculum, reinforcing the selection of specific anaerobic bacteria in the presence of the PCBs. The reactors containing PCBs (R CS-PCB and R CS-PCB-PF ) were clustered with similarity of 86 %. The difference between the R CS-PCB and R CS-PCB-PF reactors (14 %) may be due to the presence of the polyurethane foam, which influenced the persistence of particular Bacteria populations differently.
Pyrosequencing analysis
Using 454 pyrosequencing, 566 bacterial OTUs were obtained for the three reactors that were analyzed after 60 days (R CS , R CS-PCB and R CS-PCB-PF ) with high diversity coverages (95-97 %) and Simpson indexes (0.96-0.98) that indicated high sample diversity. Table 1S (Supplementary material) contains the pyrosequencing information that was obtained after the data processing.
The polychlorinated biphenyls induced microbial selection in the analyzed microcosms because the reactor operated without PCBs (R CS ) presented higher richness indexes (Shannon, Chao1) and detected phylotypes. The Chao1 index was significantly higher (P \ 0.05) in the R CS (588 ± 84) reactor than in the biphenyl-spiked R CS-PCB and R CS-PCB-PF reactors (428 ± 72 and 319 ± 109, respectively). The diversity of the samples (Shannon index) that contained PCBs (R CS-PCB and R CS-PCB-PF ) was relatively lower (4.47 and 4.19, respectively) than that of the control R CS (4.52). Furthermore, 100 unique OTUs were observed in the R CS reactors. However, only 55 and 35 unique OTUs were observed in reactors R CS-PCB and R CS-PCB-PF , respectively. Although the biomass immobilization in the polyurethane foam stimulated methane production, the effects of the PCB and COD removal efficiencies were not positive. Moreover, the bacterial communities in the reactors that contained the polyurethane foam shifted in a different manner with the selection of particular groups (low diversity index).
Using the RDP-Classifier, 61.8-72.5 % of the sequences were classified to the Phylum level, whereas only 11.3-24.6 % were classified to the Genus level. The resulting sequences were affiliated with 16 phyla and 31 genera. Independently of the operation conditions, the most prevalent phylum was Firmicutes (31-54 %), followed by Synergistetes (11-24 %), Chloroflexi (12.3-16.8 %) and Proteobacteria (5.7-12.5 %). This result confirmed previous studies that correlated the prevalences of these groups with anaerobic sediments (Baba and Katayama 2007; Cutter et al. 2001; Zanaroli et al. 2012) . A detailed description of the bacterial community is provided in a heat map (Fig. 4) , with the most abundant genera for each reactor shown with their Phylum-level assignments. For all reactors, the commonly found taxa with low abundances (0.0-0.3) represented 81-84 % of the total recovery. The Bradyrhizobium, Desulfomicrobium, Acetoanaerobium, Fusibacter, Longilinea, Sedimentibacter, Tissierella and Synergiste genera, which only showed increasing relative abundances in the PCB-spiked reactors, were selected to construct a phylogenetic tree (Fig. 5) . The presence of the PCBs in the R CS-PCB and R CS-PCB-PF reactors induced the formation of a cluster with a similarity of 60 % (BrayCurtis similarity). For the R CS reactor, a similarity of 42 % was observed (Fig. 4) . This result reinforces the significant selection of a bacterial community after 60 days in the presence of PCBs. In addition, Vishnivetskaya et al. (2010) observed an enrichment of the same bacterial classes (Proteobacteria, Firmicutes, Acidobacteria, Bacteroidetes and Actinobacteria) in an ethanol-amended microcosm containing sediments and ground water from a uranium-contaminated site.
In this study, the addition of ethanol either as a carbon source or as an electron donor to the reactors without PCBs potentially stimulated the growth of a specific microbial population that was unable to maintain its growth in the presence of the PCBs, such as Gp7 (Acidobacteria) and Geobacter (Proteobacteria). Vishnivetskaya et al. (2010) confirmed that the Geobacter spp. can use ethanol when metals are available as electron acceptors and degrade a variety of organic compounds (toluene and phenol). Nevertheless, Sung et al. (2006) affirmed that although the Geobacter species displays versatility regarding the use of electron donors and acceptors, metabolic reductive dechlorination has only been described for one species, which may explain its reduced prevalence in the PCBs-spiked reactors.
Moreover, the growth of Syntrophobacter and Syntrophorhabdus (Proteobacteria), which were prevalent in the reactor without PCBs (Rcs), was inhibited in the reactor with PCBs. This result likely occurred because these species possess syntrophic metabolisms that require the presence of H 2 or formate-using organisms to oxidize aromatic compounds (Plugge et al. 2012; Qiu et al. 2008) . In addition, the methanogenic community was inhibited in the reactors containing PCBs (Fig. 1 ).
Firmicutes were more abundant in the reactors that were spiked with PCBs (R CS-PCB and R CS-PCB-PF ) than in the control reactor (R CS ) where they were absent (Fig. 4) . In the R CS-PCB reactor, the relative abundances of Sedimentibacter, Tissierela and Fusibacter were 7.4, 2.1 and 0.3, respectively. However, for the R CS-PCB-PF reactor, the relative abundances were 12.4, 6.5 and 0.3, respectively.
Phyla
Genera R CS R CS-PCB R CS-PCB-PF
Acidobacteria Gp6 Although it was not possible to correlate the use of ethanol by Sedimentibacter, Tissierela and Fusibacter, Vishnivetskaya et al. (2010) affirmed that Firmicutes generally use ethanol for acetogenesis, which was consistent with the elevated concentrations of acetic acid found in the PCBs-spiked reactors. Moreover, Xu et al. (2012) observed that Firmicutes was the dominant phylum in microcosms that were enriched with ethanol and were operated to degrade polybrominated diphenyl ethers under anaerobic conditions. Hou and Dutta (2000) performed a phylogenetic characterization of PCB-degrading anaerobic consortia from Lake Medinah (USA) based on 16S ribosomal DNA analysis and found that PCB degradation was most efficiently achieved by using a multispecies consortium of Clostridium (Firmicutes) and Sedimentibacter hydroxybenzoicus was formerly classified as C. hydroxybenzoicum (Breitenstein et al. 2002) . Sedimentibacter was found in sediment from the Santos-São Vicente Estuary (São Paulo State, Brazil), which was severely contaminated by chlorophenols, phenolic compounds, PCBs, polycyclic aromatic hydrocarbons, and heavy metals (Saia et al. 2007) .
Although pyrosequencing was not performed for samples from the R CS-PCB-HT reactors, the degradation (Table 2) potentially resulted from the endospore forming ability of Sedimentibacter, which is resistant to thermic treatment and produces acetic acid (Obst et al. 2005) . It was previously demonstrated that the PCB dechlorinating activities of spore-forming Clostridium species were maintained even after pasteurization (Field and Serra-Alvarez 2008) . In addition, the results of Obst et al. (2005) reinforced this hypothesis because they isolated Sedimentibacter hongkongensis after using a combination of various enrichment techniques, such as heat-treatment.
The increased prevalence of Sedimentibacter in reactors that are operated with PCBs (Fig. 4) support previous studies in which meta and para-dechlorination processes were documented as the patterns of PCB dechlorination (Field and Serra-Alvarez 2008) .
Fusibacter, a strict-anaerobic fermentative bacteria that was originally isolated from an oilfield ecosystem (Ravot et al. 1999) , was abundant in the reactors containing PCBs (Fig. 4) . Fusibacter forms endospores and mainly produces acetate during fermentative metabolism (Ravot et al. 1999) . Nunez (2008) identified Fusibacter in sediments from the Ohio River during the in situ bioremediation of PCBs over four months.
Longilinea and Acetoanaerobium are members of the Chloroflexi phylum and were found at relative abundances in the PCB-spiked reactors (R CS-PCB and R CS-PCB-PF ). Longilinea is an obligately anaerobic syntrophic bacteria that primarily fermented carbohydrates and amino acids to acetate and H 2 and did not use ethanol or formate (Yamada et al. 2006 ). This genus is commonly found in anaerobic dechlorinating environments because it can supply electron donors (hydrogen) to dechlorinating populations (Yamada et al. 2006; Nunez 2008) .
As members of the Proteobacteria phylum, Bradyrhizobium and Desulfomicrobium were present in the reactors that were spiked with PCBs. In addition, Bradyrhizobium, a genus that may colonize the host plant's roots, was previously correlated with the degradation of aromatic compounds (Kaneko et al. 2002) . Furthermore, it was hypothesized that Desulfomicrobium was responsible for the anaerobic degradation of aromatic compounds in the presence of nitrogen gas (Onodera-Yamada et al. 2001) .
Overall, 100 OTUs were shared between the samples that were collected from the reactors with PCBs (R CS-PCB and R CS-PCB-PF ), which represented 42.5 % of the OTUs found in these reactors. These OTUs were mainly of the Firmicutes and Chloroflexi phyla.
Conclusions
The anaerobic sludge from the UASB reactor contains bacteria that are capable of degrading PCBs. The bacterial community was selected in the reactors that contained heat-treated biomass, which strongly suggested the degradation of PCBs after 60 days. Although methanogenic Archaea were not responsible for PCB degradation, the hydrogenotrophic community was favored over the acetoclastic Archaea in the presence of the recalcitrant. The addition of ethanol and formate in the mineral medium improved the growth of the specific population that was correlated with PCB degradation independently of the addition of polyurethane foam. Moreover, in the PCB-spiked reactors, a higher prevalence of Sedimentibacter, Tissierela and Fusibacter genera were observed, and their presence was correlated with PCB degradation.
